Abstract This review covers some of the contributions to date from cerebellar imaging studies performed at ultrahigh magnetic fields. A short overview of the general advantages and drawbacks of the use of such high field systems for imaging is given. One of the biggest advantages of imaging at high magnetic fields is the improved spatial resolution, achievable thanks to the increased available signal-to-noise ratio. This high spatial resolution better matches the dimensions of the cerebellar substructures, allowing a better definition of such structures in the images. The implications of the use of high field systems is discussed for several imaging sequences and image contrast mechanisms. This review covers studies which were performed in vivo in both rodents and humans, with a special focus on studies that were directed towards the observation of the different cerebellar layers.
Introduction
Cerebellar function is of major importance for our daily life, not only in movement control but also because of its involvement in language and cognitive-emotional processing [1, 2] . The cerebellar cortex can be affected by a number of neurologic and psychiatric diseases, such as stroke, tumors, autism, and schizophrenia [3, 4] , as well as genetic disorders like ataxias [1] and aceruloplasminemia [5, 6] where layerdependent variations in iron deposition have been demonstrated using histology [7] . Thus, it is important that non-invasive methods delivering precise anatomical images of the cerebellar cortical architecture are available to provide markers for diagnosis and follow-up of such pathologies. Such markers have so far been difficult to obtain, but developments in ultra-high field magnetic resonance imaging (MRI) show promising results.
This review will discuss the implications of the limited spatial resolutions achieved in conventional clinical scanners when imaging the cerebellum and cover some of the advantages offered and challenges posed by MR scanning at ultra-high fields. Currently, the term ultra-high field is used for static magnetic fields greater than 3 T. Recent anatomical studies of the cerebellar structure in vivo, both in rodents and humans, will also be presented.
Despite its biological importance, the cerebellum is a structure that has thus far received little attention compared with the rest of the brain. This lack of interest is even more prevalent in the medical imaging fields [8] . One of the reasons for this lack of attention, both from a functional and an anatomical standpoint, has been the inability of most in vivo imaging techniques to resolve the cerebellum properly. While the cerebral cortex can be parcellated on the basis of its architectonic heterogeneity [9] , the cerebellum has the particularity of having a uniform cortex covering the whole cerebellum, despite functional, biochemical, and even some cellular heterogeneities [10] [11] [12] [13] [14] [15] . Furthermore, this uniformly structured cortex has a thickness of approximately 0.5 mm in contrast with the 3-4 mm of normal adult cerebral cortex.
Moreover, the human cerebellum is divided into approximately 260 folia [16] in a fairly reduced volume, which makes their visualization virtually impossible in functional and anatomical MR imaging studies that, until recently, were limited to spatial resolutions of 3 and 1 mm, respectively. It is therefore not surprising that a significant fraction of studies about the role of the cerebellum in cognitive, affective, and motor tasks are still based on the study of deficits presented by patients with cerebellar lesions [17] . If imaging techniques with higher spatial resolution would be available, a structure that would certainly be of interest is the cerebellar cortical layering. It is in these cortical layers (inside-out: granular, Purkinje, molecular layer), that the integration of multiple cerebellar functions takes place. Although these layers have been identified in vitro as early as in the late nineteenth century [8] , they have only recently been observed in vivo [18] .
Most clinical brain imaging employing 3D acquisitions will naturally cover the cerebellum, even though it might not be the primary target organ. For example, the MPRAGE sequence [19] is a widely used T 1 -weighted sequence which provides good brain tissue contrast in clinically acceptable scan times. The T 1 -weighted images are particularly suitable for segmentation studies that profit from the strong contrast between CSF, gray and white matter, and the relatively uniformity of both gray and white matter in T 1 -weighted images. It should be noted that the good contrast observed is obtained with a penalty on image signal intensity, which limits the resolutions achievable in such studies to approximately 1 mm, insufficient to resolve the folia. However, over the last 10 years, such low resolution T 1 -weighted images have successfully supplied atlases of the gross cerebellar anatomy (lobules, folia, fissures) [20] [21] [22] . The clinically obtained resolutions are sufficient to perform some parcellation of the cerebellum with human interaction using the main fissures as landmarks [20] . Up to 28 compartments have been identified in this fashion [22] . Such semi-automatic forms of parcellation have been used to obtain probabilistic maps of the cerebellum that, when used with care, can serve as a reference for lobular assignment of activation in normalized fMRI group data. Another application that has found some attention has been volumetry of the cerebellum as a whole in different pathologies such as epilepsy and ataxias [23] [24] [25] [26] [27] [28] .
Recently, studies of anatomical relevance have been performed using diffusion tensor [29] and diffusion spectrum imaging [30] . Using such techniques, the researchers have probed the cerebellar white matter connectivity by observing preferential directions of water diffusion within white matter together with probabilistic tractography methods. In the first study, a comparison between the cortico-ponto-cerebellar system and its organization in humans and macaques was performed. This confirmed the dominant contribution of the cortical motor areas to the macaque monkey cerebral peduncle. However, also, new anatomical evidence for a relatively large prefrontal contribution to the human cortico-ponto-cerebellar system was found in the cerebral peduncle, suggesting the selective evolution of prefrontal inputs to the human cortico-ponto-cerebellar system. The study by Granziera et al. was purely directed to the cerebellum and employed multiple surface coils and an improved sequence acquisition scheme to thoroughly study of the connections between different cerebellar nuclei at a 2.2 mm isotropic spatial resolution.
Properties of Ultra-High Field MR Imaging
From a physics point of view, it is known that the signal available for MR imaging increases quadratically with the main static magnetic field, B 0 . For various reasons, the observed improvement in the obtained image and spectroscopic signalto-noise ratio (SNR) tends to be approximately linear with the increase of the magnetic field strength [31, 32] . This linear increase in SNR has been one of the main driving forces behind the search for scanners with ever higher static magnetic fields in both clinical and research environments. Today, 3 T magnets are ever more common in clinical environments and even 7 T human scanners are becoming a highly sought-after research tool with over 40 installations worldwide to date. The resulting increase in signal strength is typically used by clinicians to reduce the scanning time (in theory, a factor of four reduction in acquisition time can be obtained by doubling the field strength) and by researchers to increase the spatial resolution of the images in order to observe finer anatomic detail in structural imaging [33, 34] or smaller functional areas [35] [36] [37] .
Moving to higher static magnetic fields, B 0 , requires the adaptation of the acquisition protocols because of the changes in the relaxation parameters T 1 and T 2 . Typically, with the increase of B 0 , T 1 increases while T 2 and T 2 * decrease. The decrease in T 2 and T 2 * implies that the sampling has to be performed faster to prevent full signal decay during detection, but, fortunately, this can also result in shorter acquisition times (if the scanner hardware permits) and improved contrast [38] . The longer T 1 may necessitate longer repetition times and thus acquisition times, but can also be beneficial in the case of T 1 -based sequences such as perfusion-weighted imaging. Several drawbacks when using higher field systems exist, of which transmit RF inhomogeneity and increased energy deposition are most important for in vivo structural imaging. In the case of human imaging at 7 T, the radio frequency (RF) wavelength used to excite the sample in MRI is of the order of magnitude of the human brain itself, approximately 13 cm. This results in severe inhomogeneity of the RF field, meaning that signal excitation can be as much as twofold less efficient in some areas than in others. A typical excitation pattern at 7 T, when using a standard volume coil, consists of a bright central area with peripheral low-intensity regions [39] . The energy deposition of a given sequence will increase quadratically with field strength, while the safety limits for energy deposition per mass for human imaging are fixed [40] . This presents a serious limitation for the use of RF-intensive sequences at high fields such as fast spin echo [41, 42] .
One of the sequences that benefits most from moving to ultra-high fields is the gradient echo (also known as FLASH) which yields both T 2 * -weighted magnitude and phase contrast and, at high fields, has been extensively used by a variety of groups to detect additional anatomical information to that provided by the conventionally used T 1 -weighted contrast [33, 43, 44] . A popular method employing a combination of phase and magnitude information which has also been used at lower fields is known as susceptibility weighted imaging (SWI) [43] . The contrast observed in T 2 * -weighted magnitude images has been used for a long time to visualize iron-rich regions, while the phase contrast associated to those acquisitions has historically been discarded. Only recently, it was observed that the phase image itself had enough information to, for example, distinguish white and cortical gray matter [45] . As this technique was taken to ultra-high field (>3 T) [33] , it was demonstrated that it not only allowed distinction of brain tissues but also the observation of cortical substructures, for example the stria of Gennari within the visual cortex and the different layers within the gray matter of the motor cortex, as well as many known white matter fiber bundles. Furthermore, Duyn et al. [33] demonstrated that the contrast observable for many tissues in the phase images was superior to that observed in the concomitant magnitude images and showed that the sub-cortical contrast observed in both T 2 * magnitude and phase images was superior to that available in conventional T 1 -weighted images. These observations further increased the interest of the scientific community in phase imaging at ultra-high fields. Phase imaging is particularly suitable to high field studies as it takes only a small penalty from the biggest limitations of these systems, namely the previously mentioned inherent inhomogeneous transmit RF field and high-energy deposition. The first results in a non-uniform SNR distribution across the images but not in changes in contrast, and the second is largely circumvented by the use of small flip angles. On the other hand, phase imaging takes advantage of the improved SNR available at high field and the fact the phase changes increase linearly with the magnetic field strength. One of the biggest limitations of phase imaging is that the sensitivity to the tissue contrast, which is optimal when the echo time is equal to the average T 2 * of the tissues of interest, comes at a cost of high sensitivity to the B 0 field inhomogeneity generated by air-tissue interfaces. This entails the need of post-processing steps that try to remove large-scale effects (typically of the order of magnitude of the object being imaged) [33, 46, 47] . These processing steps make quantitative analysis of phase imaging unreliable, and despite all efforts, phase imaging is often poor close to air-tissue boundaries. Nevertheless, the improved contrast of phase imaging has recently been successfully used to assist in the detection of multiple sclerosis lesions [48, 49] , and many more applications can be foreseen.
Contributions of Ultra-High Field to Rodent Cerebellum Imaging
The highest magnetic fields available to perform in vivo imaging are designed for small animal imaging because, from a technological point of view, it is easier and cheaper to produce smaller-size high field systems, which have a limited usable space inside the magnet bore. In such systems, rodents are imaged under the effect of anesthesia and are kept fixed using stereotaxic holders and can be scanned for hours [50] without significant motion. It should therefore not come as a surprise that it was in such systems that the first in vivo observations of the cerebellar cortex were done. The first observation of the different layers was done by Aoki et al. [51] using manganese-enhanced MRI (MEMRI). In this technique, manganese is administrated intravenously to the animal model. MEMRI has raised much interest in the past years because of its ability to enhance the MR signal of regions rich in (or with active) voltage-gated calcium channels, where the manganese is taken up. The signal enhancement is observed because of the paramagnetic properties of manganese, which shortens the longitudinal relaxation times (T 1 ) of the tissue in which it is present. Typically, the maximum contrast is observed 24 h after injection. In the mentioned paper [51] , it was possible to observe, using T 1 -weighted images acquired at 11.7 T, with an in-plane resolution of 50 μm, different hippocampal fields, gray matter layers, and the cerebellar cortical layers (see Fig. 1b ). This observation is in good agreement with histochemical staining of the cerebellum [52, 53] , where a high concentration of calcium channels in the cerebellum was found, especially in the granule layer. Two recent studies [54, 55] showed that it was possible to observe those same structures using the endogenous tissue contrast associated with the magnetic susceptibility of the different tissues. The first study [55] made use of T 2 * and phase contrast available at 14 T to image the cerebellum with an in-plane resolution of 33 μm. In both magnitude and phase images acquired with the same acquisition, the granule and molecular layer were clearly discernible (see Fig. 1d , e) while the Purkinje cell layer was more elusive (possibly due to the relatively large slice thickness of 0.5 mm). In the other study [54] , it was shown that, using T 2 contrast obtained with a fast spin echo sequence at 9.4 T, it was possible to visualize all three cortical layers of the cerebellum. The authors hypothesize that the contrast observed might be related to either the different myelination of cell and cell density of the different structures as both this mechanisms are known to restrict water diffusion [54] .
Contributions of Ultra-High Field to Human Cerebellum Imaging
Not all the contrast mechanisms explored in the context of animal imaging can be directly translated to human studies. MEMRI [51] is a technique that has quickly been employed by various groups in the animal imaging field but manganese, in the concentrations needed to observe sufficient contrast, is highly toxic and can induce, among other effects, heart complications. Therefore, it cannot be used in humans. Fast spin echo sequences have so far failed to have any significant impact in human high field scanners because of two main reasons, each one associated to the two drawbacks of high field systems mentioned earlier: (1) fast spin echo sequences rely on large numbers of RF pulses, therefore the transmit field inhomogeneities are enhanced and make the contrast observed too dependent on the position within the brain; (2) fast spin echo sequences are very intensive sequences in terms of energy deposited in the subject, due to the aforementioned large number and high amplitude of its pulses. This last constraint severely limits the number of slices that can be acquired within an acceptable acquisition time.
From the methodologies brought forward in the animal imaging community to observe cerebellar cortical layers, only the contrast arising from magnitude and phase images in conventional gradient echo images can be directly translated into human studies. This has successfully yielded images of the cerebellum in which layers were visible [18] . Figure 2 shows some of the main observations in a recent study where T 2 * and phase imaging at 7 T were used to obtain high-resolution images of the cerebellum. The magnitude and phase images from slices crossing the dentate nucleus, which is well-known to have a high iron concentration [8] , are shown in Fig. 2a, b . As a consequence of its high iron concentration, the dentate nucleus is hypo-intense in T 2 * -weighted magnitude images. In the phase images, the dentate nucleus appears dominated by noise (as would be expected because of the lack of signal in the magnitude image) while surrounding it, a magnetic dipole-like effect is visible. This magnetic dipole is characterized by a positive phase shift above and below the nucleus along the B 0 direction and a negative phase shift surrounding the nucleus in the plane perpendicular to the main static magnetic field. This pattern was consistently detected in the various subjects, and this observation confirms the high iron concentration attributed to the dentate nucleus [8] .
To be able to visualize the cerebellar cortical layers with the 2D methodology suggested in [18] (with an in-plane resolution of 0.12 mm and slice thickness of 1 mm), it was crucial to have the slice orientation perpendicular to the cerebellar structures. By carefully adjusting the slice orientation and analyzing the data obtained (Fig. 2c) , it was possible to determine regions where the white/gray matter boundaries remained constant in the through-slice direction, and the cerebellar cortex was thus perpendicular to the slice direction. Magnitude and phase images of such regions of interest (Fig. 2d, e) show white matter bundles conveying into the cerebellar folium that appear dark in the magnitude images and bright in the phase image. Cerebellar cortex appeared brighter in the magnitude images and darker in the phase images, when compared with the white matter. Within the cerebellar cortex, two layers, granule and molecular, were distinguishable, mainly due to the phase contrast, with the granule layer having a strong positive frequency shift compared with the molecular layer. Both the magnitude and the phase contrast between those two layers as observed in vivo in humans was consistent with that observed in the rat brain (Fig. 1c, d ) [55] , in agreement with the known higher iron content of granule layers.
Recently, the improvement of T 2 * -weighted imaging and SWI brought by 7 T over 1.5 T MR scanners was shown in Fig. 2. High-resolution magnitude (a, c, d ) and phase (b, e) GRE data from one volunteer (31-year-old male) with the slices crossing the dentate nucleus. Phase images show the expected dipole shape surrounding the dentate nucleus, which is a structure known to have a high iron concentration. Black and white crosses indicate the positive and negative lobes of the dipole shape. White arrows in b point out negative frequency shifts in regions superior to gray/white matter interfaces. Black arrows point to observable cortical gray matter structures, while the black asterisks show regions where white matter bundles are observable both in magnitude and phase images. imaging of a dysplastic cerebellar gangliocytoma [56] . In this study, it was shown that, at ultra-high magnetic fields that emphasize susceptibility effects, the visualization of peri-tumoral veins was enhanced, and it was possible to better observe the compression of the dentate nucleus by the dysplasia mass.
It is well-known that T 1 -weighted images provide good contrast between white and gray matter (as has been mentioned earlier), but yield very poor contrast for ironrich regions within white matter (such as the substantia nigra and red nucleus). Similarly, in the cerebellum, T 1 -weighted images, despite the strong contrast between cortex and white matter, fail to visualize a remarkable iron-rich region such as the dentate nucleus. As an example, Fig. 3 shows three different sections through a cerebellum of a healthy subject scanned at 7 T using a recently proposed sequence MP2RAGE (information regarding the acquisition protocol can be found in the legend of Fig. 3 ) [57] . The MP2RAGE sequence provides "pure" T 1 contrast and, thanks to its low sensitivity to RF field inhomogeneities [57, 58] , is ideal for use in setups employing surface coils and/or high field systems. With such a pure T 1 contrast, even differences in T 1 between the occipital and cerebellar white matter can be observed. In Fig. 3 , the occipital white matter appears brighter than cerebellar white matter. Another clear observation from this figure is that, due to the high resolution achievable at high field (0.6 mm isotropic in the case of Fig. 3 ), the various folia can easily be distinguished. On the other hand, because the contrast in these images is completely independent from T 2 * , the dentate nucleus is undetectable even though it can often be seen in conventional MPRAGE images, where some degree of T 2 * -weighting exists.
Conclusion
As ultra-high field scanners become more common in research facilities throughout the world, it is expected that more imaging sequences will be available that take full advantage of the potential advantages, while circumventing the constraints, of high field systems. The integration of new hardware such as multi-channel transmission will significantly reduce the RF inhomogeneity either thanks to RF-shimming or parallel-transmit techniques [59] [60] [61] [62] . Such approaches will allow sequences with different contrasts, such as T 2 -and diffusion-weighted imaging, which are thus far not employed for cerebellum imaging at ultra-high field, to better use the increased signal available at higher magnetic fields. Exploring such new contrasts may allow moving to in vivo visualization of the different cerebellar nuclei.
In this review, most of the data presented was obtained using surface coils, and studies were targeted to image the cerebellum. As multiple channel coils and parallel imaging [63] become more widely available, studies using isotropic resolutions of~0.5-0.6 mm covering the whole brain will become more common. Such high-resolution whole brain images will allow researchers to have access to more data of both healthy and pathological subjects, and it is expected that we will soon be looking to more detailed atlases of the cerebellum.
In conclusion, it is clear that high field systems can contribute considerably towards better cerebellum imaging, both structural and functional. The improved resolution achievable at high magnetic fields, which better matches the cerebellum geometry, will make our understanding of the cerebellar structure and function more based on imaging evidence and less on clinical pathology.
